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Abstract Recently [5], a new classification of VLBI
radio sources was built on the basis of their astromet-
ric stability revealed by the use of the Allan standard
deviation. In such a classification, sources are divided
into three groups depending on the nature of the noise
content in the astrometric time series. The global level
of noise then orders sources within each group. In this
proceedings, we present several strategies on the ba-
sis of this classification to realize celestial reference
frames, i.e. for selecting the set of defining sources
used to define the fundamental axes of the frame. This
set of sources is usually constrained in the data reduc-
tion by a no-net rotation constraint. Using two tools
developed to determine the stability of realized frames,
one that analyzes the stability of the annual realizations
of a given frame and another that analyzes the coher-
ence of random sub-frames, we determine the best us-
age of this classification.

Keywords Astrometry, celestial reference frame, Al-
lan standard deviation

1 Introduction

The Allan standard deviation [1] provides a means for
measuring the amplitude of the noise as a function of
the data averaging timescale from a measurement time
series, such as the monitoring of VLBI radio source po-
sitions. Initially conceived to characterize the stability
of time and frequency standards, the Allan standard de-
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deaux, OASU, CNRS

0.001

0.01

0.1

1 10 100τ

0.01

0.1

1

σ
A

White
noise

Flicker
noise

Random
walk

Noise Slope Exponent p in Noise
type in log-log scale Sy( f ) ∝ f p color

Random walk 0.5 -2 Red

Flicker noise 0 -1 Pink

White noise -0.5 0 White

Table 1 Correspondence between the type of noise, associated
with a color given by the exponent of the power law-type spec-
tral density function, and the drift observed in the Allan standard
deviation as a function of the timescale represented in a log scale.

viation has been used in geodesy for about two decades
and was raised in several studies aiming at selecting
suitable radio sources to define stable celestial frame
axes [6, 2, 3, 7] (see also [9] and references therein).

The slope of the Allan standard deviation as a func-
tion of the data averaging timescale (in logarithmic
scales) discriminates between several types of noise
that may coexist in the time series (see the illustration
of Table 1). Noise types are separated into two cate-
gories:

• Noise types indicating a stable behavior of the se-
ries: as the timescale increases, the estimated stan-
dard deviation decreases
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• Noise types indicating an unstable behavior of the
series: as the timescale increases, the estimated
standard deviation increases as well

The stability of a time series may result from a com-
bination of behaviors associated to different timescale
ranges. This principle is at the basis of a recent classifi-
cation of VLBI radio sources following their assessed
astrometric stability from coordinate time series. In the
following section, we briefly summarize the principle
and the result of this classification. Details are given by
Gattano et al. [5].

2 Classification of VLBI Radio Sources

The set of sources is split into three categories fol-
lowing the sequence of the dominating noise at each
timescale, i.e. with respect to the behavior of the data
at those timescales:

• AV0 sources with the most stable astrometric be-
havior. The condition to be classified as AV0 is
not to be dominated by unstable noise (slope larger
than +0.25, see Table 1) such as red noise at any
timescale.

• AV1 intermediate astrometric stability. AV1 is
dominated by unstable noise at some timescales,
but stable noise (slope lower than −0.25, see
Table 1) such as white noise dominates on the
longest timescales appreciable considering the
observational history of the source.

• AV2 sources with the least stable behavior. All
sources for which the longest timescales are domi-
nated by an unstable noise.

Right ascension and declination are studied separately.
The source category is obtained by keeping only the
worst category. Additionally, the global level of noise
is evaluated taking into account the straight line that
maximizes the Allan standard deviation graph (see the
blue line in Figure 1). By doing so, it is possible to
order sources within each category by increasing level
of noise.

In parallel, a statistical validation test is used to
determine the probability that the detected slope re-
sults from a white noise process even if it is not −0.5
(due to the irregularity of the sampling). It is based on
Monte-Carlo simulations of 1,000 white noise draws
distributed on the original sampling of the tested time

Fig. 1 (Left) Astrometric offset with respect to the mean position
computed for each VLBI session. (Right) Allan standard devia-
tion of the regularized time series over time scale τ . The log-log
diagram is plotted with a black solid line with its uncertainties at
90% as black dashed lines. The colored background indicates the
behavior of the noise at each time scale (more details are in Sec-
tion 1). The blue straight line is the lowest line that maximizes
the diagram down to τ = 1 year. It leads to the global noise level
of the source (more details are in Section 2). The grey solid lines
are the dispersion of the Monte-Carlo test (more details are in
Section 2). How much the black diagram remains within the dis-
persion lines provides the indicated probabilities on the top right
corners. They are compared with the threshold of the rehabilita-
tion process.

Fig. 2 Evaluation of the source distribution within the classifi-
cation with respect to the chosen rehabilitation threshold (more
details on the text on right).

series. The scatter of their corresponding Allan stan-
dard deviations provides an empirical error (see Fig-
ure 1 for example). Thanks to this test, each of the un-
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stable sources (AV1/2) has therefore a certain proba-
bility to be in fact a stable source (AV0) offering the
possibility to rehabilitate some sources for which their
probability is greater (on both coordinates) than a given
threshold. Figure 2 shows the evolution of the classifi-
cation as the threshold varies.

3 Stategies to Select Defining Sources

We establish several strategies to realize celestial ref-
erence frames by selecting the set of defining sources.
Table 2 below sums up the criteria for each strategy:

• N is the number of defining sources to be selected;

No. N Prehab σAV 0 σAV 1 σAV 2 prior
sol. [%] [mas] [mas] [mas]

GROUP 1: Only AV0 sources
1 100 50 10 0 0 0
2 100 25 10 0 0 0
3 200 25 10 0 0 0
4 100 0 10 0 0 0
5 200 0 10 0 0 0
6 300 0 10 0 0 0
7 400 0 10 0 0 0
8 500 0 10 0 0 0

GROUP 2: First AV0, then AV1, no AV2
9 200 50 10 10 0 0
10 300 50 10 10 0 0
11 300 25 10 10 0 0

GROUP 3: smallest level of noise
12 100 - 10 10 10 1
13 200 - 10 10 10 1
14 300 - 10 10 10 1
15 400 - 10 10 10 1
16 500 - 10 10 10 1

GROUP 4: smallest level of noise but no AV2
27 100 50 10 10 0 1
28 200 50 10 10 0 1
29 300 50 10 10 0 1
30 100 25 10 10 0 1
31 200 25 10 10 0 1
32 300 25 10 10 0 1
33 100 0 10 10 0 1
34 200 0 10 10 0 1
35 300 0 10 10 0 1
36 400 0 10 10 0 1
37 500 0 10 10 0 1

Table 2 List of realization strategies of celestial reference frames
based on the classification of Gattano et al. [5]. See the text for
the meaning of each column. The representative of each group is
highlighted in light blue.

• Prehab is the chosen rehabilitation threshold (see
Section 2);

• σAV 0, σAV 1, and σAV 2 are upper limits for the noise
level in each category (10 mas enables exclusion of
all sources);

• prior = 0 gives the priority on the source class (data
behavior) for the selection and then on the noise
level. prior = 1 is reversed.

For each solution, the criteria are used within the fol-
lowing way.

First, we rehabilitated AV1/2 sources into the AV0
category regarding the chosen Prehab threshold. Then,
we excluded sources in each category which have
a level of noise greater than the chosen σAVi. Then,
if prior = 0, we selected the first N remaining AV0
sources. When there are no more AV0 sources, we
continue with the remaining AV1 sources and then the
remaining AV2 sources. If prior = 1, we first gathered
all remaining sources and ordered them according to
their noise level. Then, we selected the first N ones.

4 Method to Analyze the Stability of
Celestial Reference Frames

We developed two statistical tools to assess the stabil-
ity of celestial reference frames. Each of these is as-
sociated with a different concept of the stability of a
frame.

4.1 Stability over Time

The Allan standard deviation analysis revealed that
only a limited number of sources have stable behav-
ior (see Figure 2). Every other one shows a percepti-
ble variability affecting its astrometric position. Conse-
quently, “how far can we state the non-rotation or non-
deformation of the frame over time?” is a fundamental
question when investigating the stability of the celestial
reference frame. One difficulty is that we do not have
the capability to measure the true stability of the frame
because we cannot observe frequently the whole subset
of defining sources.

Through the source observational history, we can
nevertheless get some insights into the frame stabil-
ities over time. We quantified this insight on an an-
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Fig. 3 Comparison of the quantifiable part of the annual stability
between representatives of each solution group (see Section 3).
From annual rotation time series Ai(t) (i = x for rotation around
(Ox) axis, i = y around (Oy), and i = z around (Oz)), we chose
the comparison criterion as the maximum between the largest
differences within each of the three time series. The comparison
criterion is computed on a time interval delimited by a chosen
epoch up to the most recent date in the data. The value of this
lower limit is given in abscissa and the related comparison crite-
rion in ordinate in µas.

nual basis by computing annual versions of celestial
frame solutions by means of the annually-averaged po-
sitions of the observed sources. Then, we assessed the
differences between these annual frames by comparing
the rotation parameters Ax(t), Ay(t), and Az(t) between
these frames. Finally, the stability is derived from the
maximum of the differences on a time-interval with a
given lower limit. In Figure 3, we show one of the three
rotation parameters with the largest difference depend-
ing on the chosen lower time limit. For legibility, we
only plot representatives of each group of solutions.

4.2 Sub-frames Orientation Coherence

On the other hand, only a subset of N sources among
the set of NDS defining sources is observed during a
VLBI session, and the frame orientation within the ses-
sion is determined to a certain extent by this sub-frame.
“Whether the sub-frame has statistically the same ori-
entation as the complete frame” is also an important
question when dealing with frame stability.

Therefore, we randomly drew a thousand times
Nsubset sources from the total set of NDS defining
sources of a celestial frame solution (see Section 3).
In other words, we got a thousand random sub-frames

Fig. 4 Comparison of the sub-frame orientation dispersion be-
tween representatives of each solution group (see Section 3). The
comparison criterion is set on the maximum between the three
standard deviations σAi (i = x for rotation around (Ox) axis, i = y
around (Oy), and i= z around (Oz)) of the thousand random sub-
frames of size Nsubset ∈ [0 : NDS], NDS being the total number of
defining sources of the complete frame.

of identical size. We computed their statistical relative
differences in orientation and retrieved the standard
deviation on each rotation parameter Ax, Ay, and
Az. We repeated the process with different values of
ratio Nsubset/NDS and drew the function of this standard
deviation with respect to the ratio Nsubset/NDS (see
Figure 4). For legibility, we only plot representatives
of each group of solutions in Figure 4.

As a result, it is the height of this function with re-
spect to the standard deviation axis which differs, more
than the shape of curve. The height may be different
between axes of different celestial frames but also be-
tween the three axes of the same frame. The most stable
celestial frame shows the lowest height when consider-
ing all the three axes together, which means the lowest
dispersion between the set of random sub-frames.

5 Results and Discussion

Based on the two statistical tools used (see Section 4),
we note that the “sol 3”, representative of the group
“Only AV0 sources” is curiously the least stable celes-
tial frame. AV0 sources, although having a stable be-
havior, present in general a higher level of noise. As
the whole set of defining sources in “sol 3” are AV0,
this explains its last position in the comparison.
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On the opposite end, “sol 14”, as the representa-
tive of the group where only the level of noise of the
sources is taken into account to select defining sources,
is the most stable celestial frame in the comparison.
This leads to the conclusion that, for the realization of
a celestial frame at a determined epoch, the dominant
information to take into account is the noise level of the
sources. The data behavior only comes in second rank
for the selection of defining sources.

The ranking between representative solutions goes
in the same sense:

• “sol 11” better than “sol 3” shows the advantage of
taking AV1 sources into account, and

• “sol 14” better than “sol 35” shows the disadvan-
tage of excluding AV2 sources;

as well as the differences between solutions within
each group:

• “sol 5” (non-plotted) better than “sol 3”, “sol 11”
better than “sol 10” (non-plotted), and “sol 35”
best of its group show the advantage to lowering
the rehabilitation threshold Prehab to its minimum
value, 0%, which is equivalent to making the divi-
sion AV0/AV1/AV2 meaningless.

Another conclusion is the confirmation that a total of
about 300 sources is enough to obtain optimal stability
performance in the realization of a celestial reference.

By the time we wrote those lines, the IAU working
group in charge of the realization of the third version of
the international celestial reference frame finalized its
work, and the resulting ICRF3 was adopted by the IAU
during the XXX General Assembly as the next celestial
reference frame (which will come into effect on the 1st
of January, 2019).

In the meantime, what was not addressed in this
study, as well as during the realization of the two pre-
vious versions of ICRF [8, 4], is the assessment, at the
time of realization, of the defining source behavior im-
pact on the future evolution of the celestial frame. In
other words, is it possible to assess, when selecting the
defining sources, their effect on the frame stability due
to individual instabilities that may come in the future?
Data behavior revealed by the use of the Allan standard
deviation might be of great help in this task, but fur-
ther investigations are needed to confirm this possibil-
ity. The almost 40 years of VLBI observations should
be of great value for such studies.
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